[Abstract] Site-specific attachment of paramagnetic spin labels to biomolecules causes distancedependent line-broadening effects, which can be exploited to study the structure and dynamics of these molecules in solution. This protocol describes how to attach nitroxide spin labels to proteins and how to collect and analyze NMR data using these labeled samples. We also explain how to derive distance restraints for paramagnetic relaxation enhancement nuclear magnetic resonance (PRE-NMR) studies. (Tang et al., 2007; Villareal et al., 2011) , and intrinsically disordered proteins (Bertoncini et al., 2005) . Two approaches are generally used to obtain PRE-derived distance restraints using proteins that are labeled with paramagnetic probes. The first method quantitatively measures the probe's effects on the transverse relaxation rates of nearby protein nuclei by determining Γ2 (described in detail by Iwahara and Clore) (Iwahara et al., 2004; Clore and Iwahara, 2009) . The second method is less quantitative, but in practice it is easier to implement. It was originally employed by Battiste and Wagner, and measures the probe's effects by comparing cross-peak intensity ratios in diamagnetic-and paramagnetic-spectra of the labeled protein (Battiste and Wagner, 2000) . The nitroxide spin label MTSL is frequently used as a paramagnetic probe in PRE-NMR studies of proteins because it is readily attached via a disulfide bond to cysteine residues, and also relatively small, inexpensive, and commercially available. The aim of this protocol is to describe how to attach MTSL nitroxide spin labels
Note: These reagents were used to obtain the PRE data according to Sjodt et al., 2016. However, other brands of these materials may be used if necessary. www.bio-protocol.org/e2207 2. Choose the desired location in the protein to which the nitroxide probe will be attached. This location needs to be at a residue whose sidechain is solvent-exposed. The residue should be located in a structured loop or within defined secondary structure. This is important because if the probe is located in a structurally disordered region of the protein, the increased flexibility of the polypeptide backbone can reduce the quantitative strength of the technique.
3. Perform site-directed mutagenesis to incorporate a single cysteine residue at the desired location to which the nitroxide probe will be attached. 5. Construct the MTSL solution that will be used to label the protein. Pipette 2.5 ml of labeling buffer into a clean 15 ml conical tube. Add MTSL from the stock solution to the conical tube. The amount added should be sufficient to achieve a final concentration of MTSL that is 10x the molar amount of protein that will be labeled (e.g., if the final concentration of protein in the reaction will be 300 µM then the concentration of MTSL should be 3 mM). Make sure to shield all MTSL solutions from light by covering the tube with foil first.
6. Construct the apparatus that will be used to label the protein ( Figure 2 ). Place the equilibrated desalting column into the conical tube from step C5. The column will rest above the MTSLcontaining solution and will leave room for the protein solution to flow through.
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7 www.bio-protocol.org/e2207 12. Buffer exchange the MTSL-labeled protein sample into the desired NMR buffer using a fresh Amicon Ultra-15 centrifugal filter. This will remove any excess (unligated) MTSL (see Notes 4-6). As mentioned above, the NMR buffer should not contain any DTT. N]-HSQC spectra of the native and labeled proteins, and then transferring the chemical shift assignments. The cross peaks in the spectra should overlay well, with only localized differences occurring for cross peaks that originate from residues that are located near the attached probe. Considerable care must be taken to make sure that the assignments are correctly assigned.
3. Measure the intensities of the cross peaks in the assigned spectrum of the diamagnetic protein.
Care should be taken to make sure that the cross peaks that are analyzed are well resolved (see Note 8) . When making the intensity measurement, make sure that it is made at the peak's maximum. In our experience, measuring peak height is sufficient for extracting distance restraints. However, measuring cross peak volumes is also acceptable. It is critical to extensively check the sequence-specific chemical shift assignments of the diamagnetic spectrum. Generate a list of cross peak intensities using the analysis software. The list should contain the cross peak's intensity and the identity of the residue.
4. Label the cross peaks in the paramagnetic spectrum using the curated chemical shift list that was used to analyze the diamagnetic spectrum. Using the procedures outlined in Data analysis A3, measure the peak intensities of isolated cross peaks in the paramagnetic spectrum. If a cross-peak in the paramagnetic spectrum is significantly broadened such that its intensity is near the noise level (e.g., Figure 1C , residue S563 in the E559R1 paramagnetic panel), accurate measurement of its intensity is not possible. Therefore, these cross peaks should not be employed to quantitatively relate the NMR data to inter-atomic distances, and intensities from these cross peaks should not be analyzed further. However, the identity of residues exhibiting significant line broadening in the paramagnetic spectrum should be noted. This is because distance restraints to these amino acids can still be employed in the structure calculations as complete broadening indicates that they are within ~12 Å of the probe. Use the software to (Sjodt et al., 2016) .
5. Calculate the intensity ratios using standard analysis software (e.g., Microsoft Excel). Import both the diamagnetic and paramagnetic intensity lists (generated from Data analysis A3 and A4)
into a single spreadsheet. For each residue, use the cross peak intensity data to calculate the ratio of its intensity in the paramagnetic (Iox) and diamagnetic (Ired) states. A representative plot of the intensity ratios versus protein sequence is shown in Figure 1D .
B. Estimating distance restraints from the NMR data
The aim of this section is to describe how to relate the cross-peak intensity ratio data calculated in the previous section to distance restraints. A detailed description describing the effects of paramagnetic relaxation on cross peak intensity, and its relationship to interatomic distance has been described in detail elsewhere (Battiste and Wagner, 2000; Clore, 2015) . The reader is encouraged to consult these references to understand the underlying theory. Briefly, the effect can be described by the following equation: www.bio-protocol.org/e2207 ) that describes the spin properties of the MTSL spin label (Battiste and Wagner, 2000) , ωh is the Larmor frequency of the proton spin, τC is the apparent PRE correlation time (Simon et al., 2010) . As ωh is known, and values of τC can be estimated based on the molecular weight of the protein (Cavanagh et al., 1995) , a calibration curve can be generated using Equations 1 and 2. The curve relates the intensity ratio for a given cross peak to the distance between the amide proton and the probe. For MTSL probes, Iox/Ired ratios less than 1 indicate that the probe and proton atom are within 13-25 Å, whereas Iox/Ired ratios equal to ~0 and ~1 indicate that the probe and proton are separated by less than ~12 Å, or more than ~30 Å, respectively. It is critical to note, that the calibration curves only provide an estimate of the interatomic distances as the probe exhibits significant flexibility. As a result, the distance restraints obtained from the intensity data are imprecise and structure calculation strategies represent the probe using multiple conformers (Iwahara et al., 2004; Clore, 2015) .
1. Construct an intensity to distance calibration curve (Iox/Ired versus r). This is done using 2. Convert the experimental intensity ratios into distance separations using the calibration curve generated in Data analysis B1.
3. Construct a distance restraint table to be used in XPLOR-NIH calculations (Figure 4 ). The distance restraints should be made between the nitrogen atom of the MTSL ring and the affected 6. The pH of the buffer should be chosen based on the stability of the protein as the MTSL radical is quite stable once ligated to the protein. However, at basic pH it is possible for some of the free MTSL groups to be hydrolyzed to thiols. These groups could react with the remaining free MTSL molecules and lead to formation of disulfide linked biradicals, which would decrease the labeling efficiency. Therefore, buffers that are above neutral values should be avoided. To account for this possibility, a 20-fold molar excess of MTSL is used during the labeling process to ensure efficient labeling of the protein.
7. The protein concentration should be kept low to prevent non-specific inter-molecular PRE effects.
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